We performed nuclear magnetic resonance (NMR) experiments on heavy fermion and conventional metal superlattices CeCoIn5/YbCoIn5. We succeeded in identifying the signals arising from CeCoIn5 and YbCoIn5 block layers (BLs) by comparing the spectra of the CeCoIn5/YbCoIn5 superlattices, CeCoIn5 thin film, and YbCoIn5 thin film. Furthermore, we found that the signals of Ce-BLs could be divided into signals arising from interfacial layers and inner layers even in one Ce-BL by comparing the spectra of two CeCoIn5/YbCoIn5 superlattices with different thickness of the Ce-BLs. A comparison of the spectra of the superlattices with different Ce-BL thickness and field dependence of nuclear-spin lattice relaxation rate 1/T1 indicate that antiferromagnetic spin fluctuations at the interfacial site are more suppressed than those at the inner layer site even in the Ce-BLs.
Introduction
The physics of strongly correlated electron systems is remarkably rich, and in such materials the entanglement of charge, spin, and orbital degrees of freedom often causes the emergence of exotic quantum phases. It has been shown that in the presence of exotic spin-orbit interaction, spatial inversion symmetry breaking can produce notable effects on these systems through a Fermi surface splitting with different spin structures even in the absence of a magnetic field, giving rise to a plethora of novel phenomena such as anomalous magnetoelectric effects [1, 2] and topological superconducting states [3, 4, 5] . In addition, it has been shown that the electronic properties are changed at the interface of different compounds at which the inversion symmetry is locally broken, even when the global inversion symmetry is preserved in the whole crystal [6] . Among others, the metallic state with the strongest electron correlation is realized in the heavyfermion systems. Recently, the technique of fabricating epitaxial superlattices consisting of heavy-fermion compounds and conventional metals has been developed and provides us a unique research field to study the interplay between locally inversion symmetry breaking and the heavyfermion characters [7, 8, 9] . CeCoIn 5 [ Fig.1(a) ], one of the constituents of the CeCoIn 5 /YbCoIn 5 superlattices studied here, has the highest superconducting transition temperature T c = 2.3 K [10] among Ce-based heavy-fermion superconductors and the superconducting gap symmetry of CeCoIn 5 is considered as d x 2 −y 2 [11, 12, 13, 14] . The Cd-and Hg-substituted CeCoIn 5 show antiferromagnetic (AFM) ordering [15, 16] and therefore CeCoIn 5 is also considered to be located at the vicinity of AFM quantum critical point. These facts suggest that the superconductivity in CeCoIn 5 is mediated by AFM fluctuations. YbCoIn 5 , the other constituent of the CeCoIn 5 /YbCoIn 5 superlattices, exhibits Fermi liquid behavior in electrical resistivity and magnetic susceptibility [17] , indicating that the Yb ions in YbCoIn 5 are divalent ions with the closed-shell 4f 14 configuration [18] .
In CeCoIn 5 /YbCoIn 5 superlattices, highly unusual superconducting properties such as the enhanced anisotropy of the upper critical field H c2 [8] and anomalous enhancement of H c2 regardless of T c decrease have been observed [19, 20] , in particular when the thickness of the Ce-block layers (BLs) is only a few unit cells. Although the importance of the interfaces between Ce-and Yb-BLs has been reported, it is difficult to investigate their physical properties at the microscopic level. Recently, we reported nuclear magnetic resonance (NMR) studies on the CeCoIn 5 /YbCoIn 5 superlattices, in which we found that the 1/T 1 T of Ce-BLs was suppressed with decreasing Ce-BL thickness, whereas that of Yb-BLs essentially the same as YbCoIn 5 thin film [21] . In this paper, we discuss the NMR-spectrum difference in different Ce-BL thickness and show that the NMR spectra of Ce-BLs in CeCoIn 5 /YbCoIn 5 superlattices can be divided into the signals arising from interfacial and inner layers.
Experimental
We have performed NMR measurements on two thin films of CeCoIn 5 and YbCoIn 5 , and two superlattices CeCoIn 5 (n)/YbCoIn 5 (5), where n(= 5 and 9) layers of CeCoIn 5 and 5 layers of YbCoIn 5 were stacked alternately[ Fig. 1(b) ]. In the NMR measurements, the frequency was fixed at 114.5 MHz and the magnetic field was applied along the c axis. The samples were grown by molecular beam epitaxial technique [8] , and the set of CeCoIn 5 (n) and YbCoIn 5 (5) in the CeCoIn 5 (n)/YbCoIn 5 (5) samples repeats 40 times for n = 5 and 30 times for n = 9. The thickness of the thin films of CeCoIn 5 and YbCoIn 5 are 500 nm (≈ 600 unit cell layers) and 350 nm (≈ 400 unit cell layers), respectively. The CeCoIn 5 thin film was grown on MgF 2 substrate directly. The YbCoIn 5 thin film has CeIn 3 buffer layers on MgF 2 substrate, and the CeCoIn 5 (n)/YbCoIn 5 (5) superlattices have CeIn 3 (28 nm) and YbCoIn 5 (15-unit-cell thick) as buffer layers.
Results and discussions
NMR is one of the most suitable microscopic probes, providing BL-selective information on the magnetic properties. Panels of FIG. 1(c) depict the NMR spectra of the n = 9 and n = 5 superlattices for H ∥ c, together with the spectra of CeCoIn 5 [top] and YbCoIn 5 [bottom] thin films. From detailed analysis of the field swept spectra we are able to obtain the site-selective NMR information, i.e. spectroscopic information resolved for the Ce-and Yb-BLs separately. In the thin films of CeCoIn 5 and YbCoIn 5 , NMR signals arising from two In sites, In(1) located at the center of the Ce/Yb-In layer and In(2) site located on the lateral faces, and Co site can be clearly identified and be reproduced by NMR-line simulation with the parameters shown in Table I . The parameters of bulk CeCoIn 5 are approximately the same values reported in some papers [22, 23, 24] . The largest principal axis of the electric field gradient is parallel to the c axis at the In(1) and Co sites, while it is perpendicular to the lateral face at the In(2) site.
Here we focus on the spectra arising from the central transition (+1/2 ↔ −1/2) of the In(1) site, as shown in panels of FIG. 1(d) , which are expanded views in the field range between 11.9 T and 12.4 T. It should be noted that the spectra of the n = 9 and n = 5 superlattices consist of the spectra of the Ce-and Yb-BLs. Indeed, the positions of the spectra pointed by red and green arrows almost coincide with the peaks observed in the CeCoIn 5 and YbCoIn 5 thin films, respectively. The maximum at around 12.22 T observed in the n = 5 and 9 superlattices and the YbCoIn 5 thin film (asterisk and dashed peaks) is considered to be from the CeIn 3 buffer layer because such a peak around 12.22 T was not observed in the CeCoIn 5 thin film without the buffer layer. Owing to η = 0 and ν zz parallel to the c axis at the In(1) site, central-transition peak (+1/2 ↔ −1/2) of the In(1) site is not shifted by the electric quadrupole interaction, but shifted by the hyperfine interaction related to the local spin susceptibility [25] . The Knight shift 3 International Conference on Strongly Correlated Electron Systems (SCES 2016) IOP Publishing IOP Conf. Series: Journal of Physics: Conf. Series 807 (2017) 012004 doi:10.1088/1742-6596/807/1/012004 K(T ) at the fixed frequency ω 0 is defined as
where H res and H 0 are resonant magnetic fields of a sample and a bare nucleus that has the relation of ω 0 = γ n H 0 with the nuclear gyromagnetic ratio γ n . Figures 2(a) and (b) depict the NMR spectra at 3.2 K at around the In(1) central transition of the n = 9 and n = 5 superlattices. The NMR spectra of these superlattices consist of signals from three different layers, i.e. Ce-and Yb-BLs and CeIn 3 buffer layers, each of which has different Knight shift. It should be stressed that the spectra arising from each layer are well separated in this field range. In FIGs. 2(a) and (b), the red to yellow gradient regions represent the spectra of the Ce-BLs, the green regions represent the spectra of the Yb-BLs, and the peak pointed by asterisk is the spectra arising from CeIn 3 buffer layers. These assignments are made by the straightforward comparison with the spectra of CeCoIn 5 and YbCoIn 5 thin films. A salient feature is that the shape of the spectra of Ce-BLs for n = 9 is different from that of n = 5. The spectrum in the lower-field region for n = 9 has a much larger weight than that for n = 5. The lower-field signal indeed remains after the subtraction of the spectrum of n = 5 from that of n = 9, and it looks similar to the peak of the CeCoIn 5 thin film as shown in FIG.  2(c) . The subtraction is considered to be the process which emphasizes the signal arising from the inner layers. Figure 3 indicates a schematic image of the subtraction. Here we labeled the layers of Ce-BL from "1" to "5" ("3") in n = 9 (n = 5). The layer "1" is the nearest layer to the Yb-BLs and the layer "2" is the next to the layer "1" as shown in FIG. 3. The number of the interfacial layers in Ce-BL should be the same in both of the n = 9 and n = 5 superlattices, and the difference between two superlattices is the number of the inner layers. The spectra arising from interfacial layers are canceled out by the subtraction of spectra of n = 5 from that of n = 9 and the remaining spectra in FIG. 2(c) is mainly arising from inner layer as shown in FIG. 3  (right) . Thus, it is naturally concluded that the spectra in higher field regions shaded by yellow [FIG. 2(a) and (b)] arise from the outer CeCoIn 5 layers labeled "1" close to the interfaces and that the spectra in the lower field regions shaded by red arise from the inner CeCoIn 5 layers labeled "3" to "5". (n = 9) -(n = 5) Figure 3 . Schematic CeCoIn 5 -and YbCoIn 5 -layer arrangements in the superlattices n = 9(left) and n = 5(middle). The numbers shown at the right side of Ce-BLs represent the distance from the interfaces between Ce-and Yb-BL. In the subtraction (n = 9)−(n = 5) (right), the numbered layers remain.
Next we discuss the field dependence of (T 1 T ) −1 to resolve the layer dependence of the magnetic fluctuations even within a same Ce-BLs. Figure 2(d) depicts the field dependence of 1/T 1 T . The field dependence of 1/T 1 T is clearly recognized from the recovery of the nuclear magnetization m(t) at a time t after a saturation pulse (FIG.2 (e) ). The recovery (m(∞) − m(t)) /m(∞) at 12.180 T (yellow triangles) is more slowly damped than the recovery at 12.115 T (red triangles). In the data of the 1/T 1 T s of FIG. 2(d where C and T 1 are fitting parameters [26] . The field dependence of (T 1 T ) −1 indicates that AFM fluctuations which are dominant in bulk CeCoIn 5 [22, 27] have strong spatial dependence even within the same Ce-BL ; fluctuations near at the interfacial layers are more suppressed than those at the inner CeCoIn 5 layers. At the inner layer signals around µ 0 H = 12.115 T, the 1/T 1 T depends on Ce-BL thickness n i.e. the 1/T 1 T increases with increasing n. On the other hand, at the interfacial signals around µ 0 H = 12.180 T, 1/T 1 T is strongly suppressed and shows the same behavior in two superlattice samples. This is consistent with the fact that the number of interfacial layers are the same in both of n = 9 and n = 5 superlattices. The observed suppression of the AFM fluctuations in the thinner Ce-BLs is opposite to the enhancement of fluctuations expected from two-dimensionalization. Taking into account of the spatial dependence of 1/T 1 T , it should be noted that the suppression of the AFM fluctuations is caused by effects of the interfaces. The suppression can be explained in terms of the effect of the breaking of local inversion symmetry at the interfaces between Ce-and Yb-BLs. In the presence of the local inversion symmetry breaking together with the fact that the Ce atom has a large atomic number, the Rashba-type spin-orbit coupling is expected to be strong in the present superlattices. The Fermi surface splitting due to the Rashba coupling should modify seriously the nesting condition and hence is expected to reduce the commensurate AFM fluctuations. With the reduction of n, the fraction of the noncentrosymmetric interface layers increases rapidly, leading to the suppression of the AFM fluctuations. The importance of the local inversion symmetry breaking at the interface has been emphasized experimentally through the peculiar angular variation of upper critical field, which can be interpreted as a strong suppression of the Pauli pair-breaking effect [19, 20] . The present results suggest that the local inversion symmetry breaking plays a key role for the magnetic properties at the interface, which is also consistent with the suppression of the superconductivity.
Conclusion
We have performed NMR measurements of CeCoIn 5 (n)/YbCoIn 5 (5) superlattices with n = 5 and 9, as well as CeCoIn 5 and YbCoIn 5 thin films. By comparing the spectra of the superlattices with that of the thin films, we succeeded in identifying the 115 In NMR signals arising from the CeCoIn 5 and YbCoIn 5 layers in the superlattices, separately. Furthermore, we succeeded in distinguishing signals arising from interfacial and inner layers in Ce-BLs by comparing spectra of two superlattices which have different thickness of Ce-BLs. The suppression of 1/T 1 T was prominent at the interfacial signals, which indicates that the AFM fluctuations at the interface are strongly suppressed than those of the bulk. The suppression of the AFM fluctuations is considered to be an intrinsic properties at the interface.
